Abstract-In recent years, differential interferometry using spaceborne synthetic aperture radar (SAR) sensors has become an established technique for detecting and monitoring centimeter-scale deformations of the earth's surface, as well as glacier flows and land slides. Although often very efficient, the use of spaceborne SAR data has several drawbacks, namely phase artifacts caused by atmospheric effects and very low coherence due to long data acquisition intervals and the short radar wavelength of the sensor. Most important, current spaceborne sensors are not able to ensure flexible monitoring of critical regions. Airborne sensors may overcome most of the problems mentioned above, but up to now, the operational use of airborne differential SAR interferometry has been prevented by insufficiently accurate motion compensation of the platform. In this letter, first results of airborne differential interferometry using the German Aerospace Center (DLR) experimental SAR system (E-SAR) in the interferometric repeat-pass mode are addressed. This includes an analysis of long-term decorrelation behavior in L-band and, particularly, the correction of residual motion errors in heavily decorrelated interferograms. A first differential interferogram of agricultural and forested areas is presented and analyzed.
I. INTRODUCTION
T HE PRINCIPAL idea of differential synthetic aperture radar (SAR) interferometry is to analyze phase effects in SAR interferograms, which are not related to the terrain topography [1] . In general, the interferometric phase difference between two SAR images taken at different times and from slightly different positions can be expressed as (1) with denoting the phase contribution caused by terrain topography, the systematic phase component corresponding to flat earth, a noise contribution due to limited SNR and temporal decorrelation effects, a phase contribution due to different atmospheric conditions for two datasets, and the differential phase related to changes in the slant-range distance.
In differential interferometry, is estimated by subtracting and , either by using an external digital elevation model (DEM) or a second interferogram without differential effects. The effects of atmosphere may be eliminated by investigation of long time series [2] - [4] or by modeling tropospheric delays through simultaneous evaluation of global positioning system measurements [5] .
This letter addresses the use of airborne SAR sensors for differential interferometry. On one hand, the availability of long wavelengths with better coherence behavior, like L-or P-band, offers the possibility of an analysis of long-term processes even in case of vegetated areas. Also, on the other hand, the capabilities for monitoring short-term processes are improved by the greater flexibility of airborne sensors.
The main problem of processing airborne SAR data is the compensation of the aircraft movement. In this case, the term consists of two contributions, one caused by displacements of the scattering center and one caused by displacements of the sensor platform. Hence, determination of the surface displacement requires an accurate estimation and correction of the sensor motion. For example, an uncompensated sensor motion of only half the wavelength (12 cm in L-band) causes a phase error of 360 . Thus, even in L-band, it is indispensable to reach millimeter precision in SAR motion compensation in order to allow the data to be used for differential interferometry applications.
The principal feasibility of airborne differential interferometry has already been demonstrated in [6] , where the movements of a reflector have been extracted from their phase shifts relative to the background phase. In this letter, first steps toward a fully two-dimensional measurement of the phase displacement field, using airborne differential SAR interferometry, are illustrated. This includes an analysis of the coherence of L-band SAR images of vegetated areas with very long temporal baselines. Preliminary results, using L-band data acquired by the experimental SAR (E-SAR) sensor of the German Aerospace Center (DLR) [7] , are shown.
II. MOTION COMPENSATION
As mentioned before, the generation of interferograms using airborne sensors requires an accurate compensation of the deviations of the aircraft from the ideal straight flight track. It has been proven that motion errors of up to some tens of meters can be easily compensated by advanced processing algorithms if the errors are precisely measured [8] . However, current navigation systems provide only a position accuracy of about 5-10 cm. Therefore, in L-band, phase errors of up to can be expected. In order to correct for these residual phase errors, the interferogram phase correction proposed in [9] has been applied. It is based on the fact that residual motion errors are causing azimuth displacements in the image, which are measured during the coregistration of the interferometric image pair. Assuming that the motion error has locally a linear characteristic, i.e., if the real track is rotated by an angle with respect to the measured one, the zero-Doppler position of a target, located in range at distance and at azimuth position , becomes shifted by (compare Fig. 1 ) (2) Processing such data, the peak of the impulse response will appear shifted in azimuth by this amount. Measuring the coregistration function in azimuth , the total residual motion error in the interferogram can be estimated by integrating the rotation angle over azimuth (3) Except for an integration constant , which corresponds to a global baseline offset, this function can be obtained from the data itself. The unknown baseline offset has been set to zero here, introducing possibly a phase error along range. From the observed variations of along azimuth, a baseline error of about 5-10 cm can be expected. It is possible to estimate this unknown baseline offset using ground control points, if available, or an external DEM as suggested in [15] . However, in this study, this has not been done, as the current capabilities of the experimental setup alone should be demonstrated.
The limitation of this method is the precision of the used coregistration method and its spatial resolution. As a first step, conventional coregistration based on speckle correlation and coherence optimization has been applied. Twenty patches over range and 40 patches over azimuth, each sized 256 256 pixels, have been used for the image size of 2048 pixels in range by 4096 pixels in azimuth. A three-step reliability check of the measured parameters has been implemented to avoid errors in low-coherent areas. Patches exceeding a maximum offset value of four pixels and those without a distinct peak in their crosscorrelation function are discarded. Additionally, it is checked that different patch sizes give the same result. The canceled offsets were finally interpolated from the known ones using thin plate splines. After this first-order coregistration, the spectral diversity method [10] has been applied to allow highly accurate coregistration estimates combined with high spatial resolution. The resulting total coregistration errors were found to have a variance of about 10 cm, with typical wavelengths in its variations along azimuth of 200-300 m. Due to the low coherence of some interferograms, coherence weighting and strong averaging of the obtained coregistration function along the range dimension were necessary to avoid propagation errors during the subsequent integration step.
III. LONG-TERM COHERENCE ANALYSIS
In order to get an impression of the degree of coherence that can be expected from airborne L-band data, the baselines of all calibration flights performed in L-band over the Oberpfaffenhofen test site during the last two years have been investigated. While the critical baseline is about 200 m for E-SAR in L-band, several data pairs with mean horizontal baselines below 10 m were acquired. However, random vertical baselines up to 300 m have been encountered, due to the usual dependence of the flight level on barometric altitude. This has restricted the useful number of scenes to a total number of four. It has to be noted that in dedicated interferometric missions the E-SAR carrier, a Do-228, is capable of navigating with a precision of about 5-10 m [7] , allowing each track to be suitable for repeat-pass interferometry.
The Fig. 2 . During data processing, all four datasets have been coregistered precisely to the geometry of track 3. Due to the short baselines involved, it was not necessary to filter spectral decorrelation effects in range. The real Doppler centroid of the datasets was found to be in between 30 and 30 Hz. However, due to the relative wide beamwidth of the E-SAR antenna, azimuth processing could be performed to a common Doppler bandwidth of 100 Hz centered at 0 Hz.
Large areas of the Oberpfaffenhofen airfield remain correlated even after almost one year. This behavior is observed not only for the runway, but also for the surrounding meadows. The L-band response is not influenced too strongly by the reflection from the vegetation; instead it seems to possess a stable contribution originating from the soil below. This assumption is supported by the observation that the coherence does not decrease significantly from the three-month to the one-year time interval. The coherence of the meadow is higher in VV than in HH , which is supposedly due to the stronger surface reflection in VV, leading to a better SNR compared to HH.
The agricultural fields show different behavior. Some of them stay correlated, while others loose their coherence. This is expected, as fields that are ploughed between data acquisitions should decorrelate completely. Again a higher coherence can be observed in VV polarization than in HH polarization. The coherence of some untouched fields even increases after one year compared to the three-month coherence (from to ). This is probably due to the different season for the three-month temporal baseline, while the season is almost the same for tracks 2 and 3.
Even after almost one year, the forested areas do not appear completely decorrelated, both in HH ( to ) and VV polarization ( to ). It can be assumed that the double-bounce echo, i.e., the ground-stem interaction generates a quite stable contribution to the measured signals. A strong indication for this is that the long-term coherence of forest is better in HH than in VV polarization, as a double-bounce contribution appears stronger in the HH than in the VV channel [11] .
IV. GENERATION OF DIFFERENTIAL INTERFEROGRAMS
For the generation of a differential interferogram, the short-term interferogram between tracks 3 and 4 has been used for estimating the topography. Apart from its high coherence, it has a significant baseline of about 10 m, corresponding to a ambiguity of about 20 m in midrange. For the long-term interferogram, tracks 2 and 3 were chosen, because after one year at least some differential effects can be expected. The baseline between these two tracks is very small, between 1 and 5 m, depending on the azimuth position. The actual differential interferogram is calculated using a simple approach: using the factor between the two baseline values, the unwrapped and flattened interferometric phase [12] between tracks 3 and 4 can be scaled to the geometry of tracks 3 and 2 [13] . In this way, the topographic effects in the long-term interferogram are eliminated (4) with and denoting the normal baseline component between tracks 3 and 2, respectively tracks 3 and 4, and and the two unwrapped interferometric phases after flat-earth phase removal and correction of the phase offset introduced by the phase-unwrapping procedure. It has to be noted that in the airborne case the normal baseline components are varying strongly with both range distance (incidence angle variation) and azimuth position (nonlinear flight tracks). During flat-earth phase removal and phase scaling, this has to be taken into account precisely. However, even after flat-earth removal, both interferograms involved show some residual flat-earth-phase-like phase components, which are related to residual motion errors in the data.
Consequently, also the resulting differential interferogram contains some unwanted flat-earth phase-like phase component, both in range and azimuth. The range component might be due to a constant baseline error, while the almost linear azimuth component might result from a small systematic error in the estimation of [see (3)]. To compensate these effects, a linear phase component in azimuth and a phase component in range has been fitted to the data, with denoting the off-nadir angle. In the following, these components, as well as the mean phase of the resulting differential interferogram, have been subtracted from the data.
The final differential interferogram is shown in Fig. 3 . One phase cycle corresponds to a displacement in line-of-sight direc- tion of 12 cm. The Oberpfaffenhofen test site is an area where generally no surface displacements are expected. Therefore, the final differential interferogram reflects mainly the quality of the data processing. Any uncompensated motion error should be visible as phase variations along azimuth. It can be observed that this is not the case, except the flat-earth-like terms mentioned before, which have been removed.
Despite these uncertainties, the generated phase displacement map shows several interesting effects, which are related to individual features in the image. In the large coherent area of the airfield, a significant phase displacement does not take place. But on some of the agricultural fields, present around the airport, phase displacements can be observed. Depending on the respective field, both positive and negative movement directions occur. The edges in the displacement map correlate well with field boundaries in the SAR amplitude image. It is unlikely that the observed phase displacements are related to changes in vegetation height. The backscattering component of vegetation, particularly after one year and with different heights, should not be coherent. Possible explanations are local changes in the soil moisture, causing different penetration depths. Similar effects have also been noted by Gabriel et al. using L-band spaceborne data of the Seasat satellite [1] .
The same question arises for the forested areas in the upper right and in the middle of the image. In both areas, the dark coloring in Fig. 3 indicates a slight rise of the location of the backscattering. Whether these are processing artifacts or have some physical explanation has to be clarified by further investigations.
The area appearing in blue in the near range of the image is a swamp area. It shows up with constant high coherence over long periods of time due to the dominant contribution of the doublebounce scattering from the water area and the plants stipes. We attribute the rise of 5 cm of the backscatter center to a change in the surface water level in this area. Similar effects have been reported by Alsdorf et al. [14] using SIR-C data.
V. DISCUSSION AND CONCLUSION
The airborne repeat-pass data processing for differential interferometry is challenging and not yet completely stable. More work is necessary in this area. Up to now, good differential interferograms cannot be generated from every dataset. The quality of the acquired motion data still seems to have a crucial influence on the final image phase, although residual errors should, in principle, get compensated automatically. Also, for the moment, residual flat-earth-like components in both range and azimuth are unavoidable.
One problem of the residual motion error correction is that it is based on integration. It cannot be used, therefore, to solve for a constant baseline offset without using ground control points. This, as well as problems with the overall calibration of the sensor geometry, might be the reason for the observed flat-earth-like phase in range. Additionally, a small constant offset in the azimuthal coregistration would cause a linear error of the correction phase in azimuth, which could explain the observed linear effect in azimuth. Further investigations are necessary to find a more stable way for the correction of residual motion errors. Some ideas have already been presented in [15] .
The preliminary results of airborne differential interferometry, as presented in Fig. 3 , show several interesting effects, particularly happening on vegetated areas. Most of the observed changes in the scattering center heights are supposedly not related to surface deformations, but to soil moisture changes. As there are no ground measurements available, this assumption cannot be checked for the currently available datasets. A mission dedicated specially to differential interferometry is indispensable to clarify this point. However, the basic feasibility of airborne differential SAR interferometry was clearly shown by the presented results.
Additionally, it has been demonstrated in this letter that the SAR backscattering in L-band is stable enough to provide acceptable coherence over vegetated areas, even after one year. L-band seems to be a well-suited wavelength for long-term differential interferometry. Particularly, the combination of operationally generated spaceborne interferometric L-band SAR data (e.g., the Advanced Land Observing Satellite [16] ) with flexibly acquired airborne data seems to be very promising in future.
